The age of initiation and the rate of progression of atherosclerosis vary markedly among individuals and have been difficult to predict with traditional cardiovascular risk assessment models. Although these risk models provide good discrimination and calibration in certain populations, cardiovascular disease (CVD) risk may not be accurately estimated in low-and intermediate risk individuals. Therefore, imaging techniques such as Ankle-Brachial Index (ABI), Coronary Artery Calcium score (CAC), carotid Intima-Media Thickness (cIMT), flow mediated dilation (FMD) and Positron Emission Tomography (PET) have been developed and used to reclassify these individuals. In the present article we review the role of the most commonly used imaging techniques for CVD risk assessment.
INTRODUCTION
Atherosclerosis is a chronic disease of the arterial wall, and the underlying cause of the majority of cardiovascular events. This generalized inflammatory disease is characterized by an accumulation of lipids, inflammatory cells, and development of scar tissue covered by a fibrous cap build within the walls of medium and large-sized arteries. Cardiovascular disease (CVD) including coronary heart disease (CHD), as well as cerebrovascular, peripheral arterial disease and abdominal atherosclerosis affects the majority of adults over the age of 60 years. In the Framingham Heart study the lifetime risk for CHD at age 40 was 49 percent in men and 32 percent in women [1] . The age of initiation and the rate of progression of atherosclerosis vary markedly among individuals and have been difficult to predict with traditional cardiovascular risk assessment models.
Therefore, individuals with subclinical atherosclerosis should preferably be identified at an early stage, so that primary prevention measures can be initiated. Early identification of subclinical atherosclerosis in individuals at low-to intermediate cardiovascular risk has been challenging. Based upon assessment of traditional risk factors several multivariate risk models have been developed for estimating the risk of cardiovascular events in asymptomatic individuals. The currently available risk estimators have several limitations *Address correspondence to this author at the University College London & Barts Heart Centre, St Bartholomew's Hospital, West Smithfield, London, EC1A 7BE, UK; Tel: (+44) 020 3765 8000; Fax: (+44) 020 7791 9670; E-mail: drnpapageorgiou@yahoo.com [2] . Firstly, they do not take into account the duration of risk exposure and do not provide life-time risk estimate. Moreover, they may overestimate or underestimate future CVD event in patients at low-risk, resulting in over-or undertreatment of these individuals. Risk estimates appear to be less accurate in diabetics, women, certain ethnicities (such as South Asians) or geographic areas, and different socioeconomic strata. Since most risk equations have been derived from cohorts of middle-aged individuals, risk in young (<40 years of age) or elderly (>80 years of age) individuals may be underestimated. Finally, metabolic abnormalities such as metabolic syndrome or pre-diabetes are not included in the currently available risk estimators.
Although these risk models provide good discrimination and calibration in certain populations, CVD risk may be underestimated in low-and intermediate risk individuals. Therefore, imaging techniques have been developed and used to reclassify these individuals. In present article we will review the role of the most commonly used imaging techniques in CVD risk assessment.
IMAGING TECHNIQUES FOR ASSESSMENT OF SUBCLINICAL ATHEROSCLEROSIS
Atherosclerosis precedes cardiovascular events and has a prolonged asymptomatic phase during which the course of the disease can be modified by lifestyle modifications and treatment. Patients with asymptomatic CVD, diabetes, chronic kidney disease, atherosclerotic cardiovascular disease (ASCVD) risk estimate>7.5%, Framingham risk score (FRS) >20% or SCORE >5% are considered at high CVD risk and should be treated promptly with lifestyle modifications and statins. However, as described above there is considerable overlap in estimated risk between those who are affected by cardiovascular events and those who are at intermediate risk. Those with 5-7.5% ASCVD risk estimate over next decade or 10-year FRS between 10 and 20% or SCORE 1-5% may benefit from assessment of additional factors such as coronary artery calcium score ≥300 or >75th percentile, ankle-brachial index <0.9, or a high sensitivity Creactive protein (hs-CRP) >2.0 mg/L [1, 2] .
Imaging Modalities
The use of imaging to detect subclinical atherosclerosis has the potential to predict the risk of future cardiovascular events ( Table 1) . Imaging of atherosclerosis is superior to risk equations as it directly identifies the disease, reclassifies low and intermediate risk individuals more effectively and can guide medical therapy.
a) Carotid Intima-Media Thickness
Carotid intima-media thickness (CIMT) can be measured with either ultrasound or magnetic resonance imaging. Normal common CIMT in childhood is approximately 0.4 to 0.5 mm, while in adulthood it progresses to 0.7 mm or more. CIMT measurement has excellent intra-and inter-observer variability when performed by experienced operators using validated image-analysis protocols ( Table 2) . In a systematic review and meta-analysis of 14 studies with 45,828 asymptomatic individuals who underwent a single CIMT measurement and followed-up for 11 years, CIMT was associated with the risk of first myocardial infarction (MI) or stroke [3] . However, in another meta-analysis of 16 studies including 36,984 patients without known CVD who underwent serial CIMT measurement and followed for seven years there was no association between progression of CIMT and future events [4] . Baseline CIMT measurements were associated with future cardiovascular events. The addition of CIMT or carotid plaque to Framingham risk score in a 13,145 individuals from the ARIC study resulted in reclassification of 23% of all subjects and 13.5% of intermediate risk individuals into the high-risk group [5] . Overall, CIMT plus plaque model when compared with the Framingham risk score was associated with net reclassification index of 9.9% suggesting effective reclassification. These results are similar to the analysis of 2,965 individuals from the Framingham Offspring Study cohort followed for 7.2 years, which reported a significant increase in the net reclassification index after addition of CIMT to 7.6% [6] . However, the Carotid Atherosclerosis Progression Study (CAPS) did not confirm the previous findings. CIMT reclassified more patients to the lower risk than towards the high-risk group [7] . The addition of CIMT to Framingham risk score reclassified only 8.1% individuals with a non-significant net reclassification index of 21%. The meta-analysis of single measurement CIMT reported only a modest net reclassification improvement in all subjects of 0.8 percent, and in subjects at intermediate risk of 3.6 percent [3] .
Although, the previous ACC/AHA guidelines for the assessment of CVD risk in asymptomatic individuals made a level IIa recommendation for CIMT in intermediate risk individuals, the most recent risk assessment ACC/AHA recommended against the routine measurement of CIMT due to only modest net reclassification improvement with the use of this method [8, 9] . CIMT measured by MRI is currently being studied. It exhibits lower measurement variability and correlates well with the ultrasound measurements suggesting similar predictive capacity [10] .
b) Coronary Artery Calcium Score
Evidence of CAC on coronary angiography is a wellknown marker associated with severity of CAD and survival [11] . CAC is present before the development of clinically significant coronary stenosis. Advances in CT technology allowed imaging of the heart without motion artifacts and thus quantitative assessment of CAC. The most widely used and established measure of CAC is the Agatston score [12] . In most studies CAC scores<100 signify mild disease while score >400 indicate severe CAD [13] . However, due to the fact that only few asymptomatic individuals have scores>400, the use of CAC percentiles according to age and gender, appears a more effective stratification method [14] . Intra-and inter-scan variability of Agatston score by noncontrast CT is low [15] . The presence and extent of CAC detect calcified plaques with high accuracy when compared to intra-coronary ultrasound and correlate well with the presence and extend of CAD rather than the severity of stenosis [16, 17] . The absence of CAC is highly predictive of the absence of significant coronary artery stenosis. In a study of 1,764 patients with suspected CAD those with no CAC had <1% probability of significant coronary stenosis [18] . Among individuals with CAC 0, conversion to CAC score>0 occurred in 25%, was associated with age, diabetes and smoking and was more frequent after the fourth year of follow up [19] . CAC score is associated with cardiac event in low-to intermediate-risk individuals with incremental prognostic information in addition to age and other risk factors as shown in a study of 8,855 asymptomatic adults screened for CAC (Table 3) . Also, the extent of CAC correlates with the magnitude of the risk in middle-aged and elderly individuals [20] [21] [22] .
CAC score provided independent prognostic information to that determined by the Framingham risk score across different ethnicities. As shown in a Multiethnic study of atherosclerosis (MESA) study sub-analysis, CAC>300 was found in one fourth of those with a Framingham risk score of 15-20% [23] . Additionally, based on the results of large observational studies CAC score predicted all-cause mortality independent of and more accurately than Framingham risk score. A German cohort of asymptomatic individuals showed that CAC reclassified 21.7% of intermediate-risk patients into the low-risk group and 30.6% into the high-risk category and resulted in significant increase of c-statistic 0.75 when added to Framingham risk score or ATPIII risk model [24] [25] [26] . Similarly, in MESA the addition of CAC to traditional risk factors resulted in reclassification of 26 percent of the cohort [27] . Although, both CAC and hs-CRP are independently associated with CVD events, the net reclassification improvement appears to be higher for CAC (23.8%) compared to hs-CRP (10.5%) [28] . In MESA, CAC score stratified better patients with hs-CRP>2mg/l and improved reclassification compared to hsCRP, CIMT, ABI, brachial FMD, and family history [29, 30] . Importantly, after adjustment for traditional risk factors hs-CRP did not correlate with CAC in the Dallas Heart study, suggesting weak association with the atherosclerotic burden [31] . Finally, studies in asymptomatic individuals have shown that progression of CAC was associated with increased risk of CAD events [32] . Overall, the absence of CAC in asymptomatic individuals signifies absence of CAD while the presence enhances risk prediction when added to currently available risk models particularly in intermediate-risk individuals.
However, it may be prudent at this point to note some limitations in its use. CAC score may not give accurate risk estimates in specific subgroups such as uremic subjects and it is sensible not be used as a test in isolation in the risk stratification of these patients. Another obvious disadvantage is the use of CT and concomitant radiation exposure with doses up to 21.4 mSv compared to a mean of 5.6 mSv for diagnostic catheter angiographies [1] .
c) Arterial Stiffness
Progressive alteration of arterial structure and function including hypertrophy and hyperplasia of smooth muscle cells within the arterial wall, coupled with deposition of collagen, calcium and loss of elastic matrix leads to impaired reduced vascular compliance and increased vascular stiffness, which play a pivotal role in the initiation and progression of atherosclerosis [33] . Arterial stiffness may be assessed by a variety of noninvasive, reproducible, and relatively inexpensive methods [34] , and has been linked to increased risk for the development of atherosclerosis, as well as been utilized as a prognostic marker beyond standard risk factor stratification (Table 4) [35] . The physiologic marker of aortic stiffness that is most easily evaluated is the measurement of the pulse pressure. Increased pulse pressure has been associated with an increased incidence of CVD [36] . However, the most useful clinical marker of arterial stiffness is pulse wave velocity (PWV), which represents the time required for the pressure wave to travel between two regions in the vasculature. PWV has been demonstrated to be an independent predictor of CVD events after adjustment for traditional risk factors in hypertensive's and elderly individuals [37, 38] . In a meta-analysis of 17 studies that included over 15,000 patients in whom aortic PWV between the carotid and femoral arteries had been correlated to clinical outcome, the pooled relative risks for total cardiovascular events, cardiovascular mortality, and all-cause mortality were significantly increased comparing high versus low aortic PWV groups [39] . The additive value of PWV above and beyond traditional risk factors has been quantified by 3 separate studies. In asymptomatic hypertensive patient, Framingham risk score and PWV had similar predictive value (c-statistic), and when combined the c-statistic significantly increased to 0.76 [40] . The predictive ability of PWV was confirmed in the asymptomatic middle-aged and elderly individuals [41, 42] . PWV but not augmentation index or central pulse pressure has also been demonstrated to improve [44] . Based on the above, arterial stiffness assessed with PWV is a strong predictor of CVD events that could enhance predictive ability of traditional risk models.
d) Ankle-Brachial Index
The ankle-brachial index (ABI), namely the ratio of systolic blood pressure at the ankle to the blood pressure in the upper arm is a relatively simple and inexpensive method to confirm the clinical suspicion of peripheral arterial disease. ABI is also a strong predictor of CVD events. Low ABI<0.9 is associated with a higher risk of CHD, stroke, transient ischemic attack, progressive renal insufficiency, and allcause mortality ( Table 5 ) [45] [46] [47] . In a meta-analysis comprising 48,294 subjects, a low ABI (<0.9) compared to a normal ABI (1.1-1.4) was related to a 2-3-fold increase in both 10-year major coronary events and cardiovascular mortality independent of the Framingham risk score [48] . The addition of ABI to Framingham risk score resulted in reclassification of risk in 1 in 5 men and 1 in 3 women mainly from intermediate towards the high risk-group [48] . Finally, in an analysis of 18 cohorts which included 24,375 asymptomatic men and 20,377 asymptomatic women, ABI in addition to Framingham risk score led to an improvement in reclassification mainly in women [49] . Although, ABI improves performance of the risk models when measured in the intermediate risk individuals [49] , it appears to be inferior in reclassifying intermediate risk individuals compared to CAC as demonstrated in the Rotterdam and MESA studies [50, 51] .
e) Flow-Mediated Dilation (FMD)
Inflation of a blood pressure cuff to supasystolic pressure for five minutes and subsequent release of pressure leads to endothelial-dependent FMD of the brachial artery. The percentage of change of end-diastolic diameter of the artery from baseline is a surrogate marker of endothelial function [52] . A meta-analysis of fourteen cohorts including 5,547 asymptomatic individuals showed that FMD is associated with future CVD beyond traditional risk factors [53] . Data from the MESA cohort suggest that FMD is a predictor of CVD events in asymptomatic individuals, and correctly reclassifies 29% of these individuals without a significant improvement in discrimination when added to FRS [54] . Although, FMD correlates well with future events, it does not add significantly to risk stratification as shown by a more recent robust meta-analysis of different imaging modalities [55] ( Table 6 ). The use and application of vascular reactivity techniques such as FMD has been limited by the fact that several factors, such as environmental (time, light, temperature), patient-related (caffeinated beverage, food intake, smoking, menstrual cycle, antihypertensive and lipidlowering medications) and operator-related (intra-and interobserver variability, technique, equipment) may affect the validity and accuracy of the measurements.
POSITRON EMISSION TOMOGRAPHY (PET)
In contrast to the aforementioned modalities, PET can evaluate dynamic intraplaque activity such as inflammation, active plaque calcification, and other biologic processes [56, 57] . For example inflammatory process of the unstable plaque can be imaged and quantified with fluorine-18 (F-18) fluorodeoxyglucose (FDG). FDG has also become established in diagnosing and monitoring large vessel vasculitis and has now entered routine practice [58] .
Macrophages have high metabolic rates and require an equally abundant energy supply while they potentiate localized inflammatory responses and are fundamental mediators of atherosclerosis. Radiolabelled FDG may then serve as a marker of metabolic activity within the plaque and an inflamed high-risk lesion. Of note, in patients with symptomatic carotid atherosclerosis imaged with 18FDG-PET, FDG was found to localize to macrophage-rich regions [59] . Moreover, while the degree of vascular stenosis evaluated with angiography is related to FDG uptake, Davies et al have suggested that angiography may not always identify the culprit lesion [60] . Patients with recent transient ischemic attack who had a severe stenosis in the ipsilateral carotid artery, and were awaiting carotid endarterectomy underwent FDG-PET and high resolution magnetic resonance imaging (HRMRI) scanning. It was demonstrated that combined FDG-PET and HRMRI can assess the degree of inflammation in stenotic and even nonstenotic plaques and could potentially be used to identify lesions responsible for embolic events. Therefore, FDG imaging of atherosclerotic lesions may be of incremental benefit when performed in conjunction with other modalities to identify culprit lesions at high risk of rupture [60] . Moreover, according to a recent study, the usefulness of 18FDG measurement to localize and quantify arterial inflammation in each artery segments and as a result of the CVD risk factors was confirmed [61] . Current trials will contribute toward validating and establishing FDG PET, as well as developing other biomarkers using a multimodality approach to characterize aspects of atherosclerosis biology, disease burden, and identifying high-risk plaques [57] (Table  7) .
However, it should be clearly noted that FDG imaging of vasculature is a relatively new area which suffers from several limitations. For example, direct evidence demonstrating that FDG is taken up directly into macrophage cells is still lacking. Also, imaging coronary vasculature with FDG continues to be affected by myocardial motion and myocardial FDG uptake. Besides, there are other limitations such as patient preparation and diets which may lower myocardial FDG uptake [57] .
CONCLUSIONS
It has become evident that monitoring or treating subclinical atherosclerosis remains an issue under debate. Over the last decade, there is increasing use of imaging techniques. Data from studies using CAC, ABI, cIMT and FMD appear to be encouraging, but large-scale studies with cost- 
